We identify an observable imprint of a first-order hadron-quark phase transition at supranuclear densities on the gravitational-wave (GW) emission of neutron star mergers. Specifically, we show that the dominant postmerger GW frequency f peak may exhibit a significant deviation from an empirical relation between f peak and the tidal deformability if a strong first-order phase transition leads to the formation of a gravitationally stable extended quark matter core in the postmerger remnant. A comparison of the GW signatures from a large, representative sample of microphysical, purely hadronic equations of state indicates that this imprint is only observed in those systems which undergo a strong first-order phase transition. Such a shift of the dominant postmerger GW frequency can be revealed by future GW observations, which would provide evidence for the existence of a strong first-order phase transition in the interior of neutron stars. Introduction: The theory of strong interactions, quantum chromodynamics (QCD), with quarks and gluons as fundamental degrees of freedom predicts a transition from nuclear matter to quark matter. At vanishing baryonic chemical potential, numerical solutions of QCD are available, which state a smooth crossover transition at a temperature of T = 154 ± 9 MeV [1] [2][3]. At finite baryon densities only phenomenological models of QCD exist, which are benchmarked by nuclear matter phenomenology around nuclear saturation density ρ sat ≈ 2.7×10 14 g cm −3 [4] and by perturbative QCD at asymptotic densities [5]. Those methods, however, are not applicable in the region of the hadron-quark transition. Hence, the nature of the transition to quark matter (crossover or first-order phase transition) remains unclear. Whether the hadron-quark phase transition occurs at conditions which are found in compact stellar objects, e.g., in neutron stars (NS) with central densities of several times ρ sat , is presently unknown. The very first detection of gravitational waves (GW) from a NS merger [6] highlights the prospect to learn about the presence and the nature of the QCD phase transition in stellar objects.
Introduction: The theory of strong interactions, quantum chromodynamics (QCD), with quarks and gluons as fundamental degrees of freedom predicts a transition from nuclear matter to quark matter. At vanishing baryonic chemical potential, numerical solutions of QCD are available, which state a smooth crossover transition at a temperature of T = 154 ± 9 MeV [1] [2] [3] . At finite baryon densities only phenomenological models of QCD exist, which are benchmarked by nuclear matter phenomenology around nuclear saturation density ρ sat ≈ 2.7×10
14 g cm −3 [4] and by perturbative QCD at asymptotic densities [5] . Those methods, however, are not applicable in the region of the hadron-quark transition. Hence, the nature of the transition to quark matter (crossover or first-order phase transition) remains unclear. Whether the hadron-quark phase transition occurs at conditions which are found in compact stellar objects, e.g., in neutron stars (NS) with central densities of several times ρ sat , is presently unknown. The very first detection of gravitational waves (GW) from a NS merger [6] highlights the prospect to learn about the presence and the nature of the QCD phase transition in stellar objects.
The merger dynamics and the corresponding GW signal can be divided into an inspiral phase before merging and a postmerger stage [7] [8] [9] . The GW signal prior to the merger allows us to measure the tidal deformability of the progenitor stars, which is encoded in the phase evolution of the orbital motion and the corresponding GW signal [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . During merging, densities and temperatures increase, and hence the postmerger phase probes a different equation of state (EOS) regime. The associated GW signal contains information about the stellar structure of the remnant. Postmerger oscillation frequencies are correlated with the size of the remnant and with radii of nonrotating cold NSs [21] [22] [23] [24] [25] .
In the present work we describe a compelling example of the complementarity of pre-and postmerger GW signals. We demonstrate that the joint detection of GWs from both phases can provide a unique observable signature of a first-order hadron-quark phase transition. Previous works have focused on comparisons between individual models with and without phase transition and on describing differences between these models [26] [27] [28] [29] [30] . While these studies have revealed potential indicators of phase transitions, it is not clear whether the differences observed are indeed an unambiguous signature for a phase transition. To identify clear evidence for a phase transition it is indispensable to ensure that a particular signature can only be caused by the presence of a phase transition. Unless this criterion is met, any observational indication of a phase transition would be degenerate with the uncertainty of the hadronic EOS.
The novelty of our work lies precisely in the fact that we describe a scenario that allows us to uniquely discrim-inate an EOS with a strong first-order phase transition. To this end we provide evidence that all possible hadronic EOS models yield a different observational signature. We achieve this by considering a large, representative sample of hadronic EOSs that exhibit a clearly distinguishable behavior. In this sense we provide here for the first time an observable signature of a first-order phase transition in NS mergers.
Two aspects are critical. First, a potential signature of a phase transition should involve quantities which are measurable with sufficient precision in future experiments. This has been shown for the tidal deformability [6, 12, [14] [15] [16] [17] [18] [19] [20] [31] [32] [33] [34] and postmerger GW frequencies [35] [36] [37] [38] [39] [40] . Second, the observable quantities under consideration should be determined from theoretical models or simulations with sufficient precision to allow for an interpretation of the measurements. In contrast to for instance the remnant life time and the precise phase evolution in the postmerger phase, the tidal deformability during inspiral and the oscillation frequencies of the postmerger remnant can be determined with relatively high reliability [7] [8] [9] 41] .
Equations of state: In this work we present NS merger simulations with the novel temperature-dependent, microscopic hadron-quark hybrid EOS DD2F-SF of Ref. [42] . Among other purely hadronic EOS models, we consider a nucleonic reference EOS (DD2F) [43] and the corresponding hybrid EOS with a phase transition to deconfined quark matter (DD2F-SF) of [42] . The latter employs the classical two-phase construction, which features a strong first-order phase transition within the standard Maxwell approach. The stiffening of the quark phase admits gravitationally stable stellar configurations with extended quark matter cores, so-called hybrid stars. A detailed description of the microphysical model for DD2F and DD2F-SF is provided in the Supplemental Material to this article along with information about 15 other EOSs, which serve as representative sample of purely hadronic models.
Simulations: We perform NS merger simulations with a relativistic smooth particle hydrodynamics code, which imposes the conformal flatness condition [44, 45] to solve the Einstein equations (see [27, 46, 47] for details and e.g. [22] [23] [24] for a comparison of GW frequencies with grid-based codes solving the full field equations). The calculations start from circular quasi-equilibrium orbits with non-spinning stars a few revolutions before merging. The stars are initially in beta-equilibrium at zero temperature. During the evolution temperature effects are taken into account selfconsistently if provided by the EOS. For some EOSs where the temperature dependence is not available, we employ an approximate treatment of thermal effects, which requires to choose a coefficient Γ th (see e.g. [48] ). It regulates the strength of thermal pressure support. We adopt Γ th = 1.75, which reproduces results with fully temperature dependent EOSs relatively well [48] . We focus on merger simulations for equal-mass systems with a total mass of M tot = 2.7 M , which is comparable to the total mass of GW170817 [6, 31, 32] . It represents a likely binary configuration according to pulsar observations and population synthesis studies [49, 50] . We emphasize that in future the binary component masses will be measured with good precision for events which are sufficiently close to allow an extraction of EOS effects from the GW signal [51, 52] . This justifies to focus on fixed binary masses in our investigation. Figure 1 displays the evolution of the maximum restmass density as function of time for 1.35-1.35 M simulations with the DD2F-SF (green) and the purely hadronic counterpart DD2F (black). The dotted horizontal green lines indicate the onset density ρ onset of the phase transition at T = 0 and 20 MeV for beta-equilibrium. During the inspiral phase the central density of the stars is below the transition density and the two systems evolve identically. The two stars merge at about 7 ms and form a single central object associated with a steep increase of the maximum rest-mass density. For the quark matter EOS the density rises above the threshold for the hadronquark phase transition, reaching the pure quark matter phase. A quark core forms in the center of the merger remnant. The mass enclosed inside the quark matter core comprises about 20-30% of the total mass. The maximum density in the calculation with the purely hadronic EOS always remains below that of the DD2F-SF EOS. The stronger density increase in the model with quark matter is a direct consequence of the density jump across the phase transition and the stiffening only at higher densities. GW spectrum: The different evolution of the mergers with and without phase transition to quark matter is reflected in the GW signal. Figure 2 shows the GW spectra of the cross polarization at a distance of 20 Mpc along the polar axis comparing the DD2F-SF EOS (green) and the DD2F EOS (black). During the pre-merger phase the GW signals reach a maximum frequency of about 1.7 kHz, and the GW spectra are similar below this frequency. The high-frequency content of the spectra is shaped by the postmerger stage and significant differences between the two simulations are apparent. In particular, the frequency f peak of the dominant oscillation of the postmerger phase is clearly different. This peak is a robust and generic feature that occurs in all simulations which do not directly form a black hole after merging [22, [53] [54] [55] [56] [57] .
The frequency of the main peak depends sensitively on the EOS [53] [54] [55] 58] . It has been found [21, 22] that f peak scales tightly with radii R of nonrotating cold NSs for different fixed binary masses (cf. Figs. 9-12 and 22-24 in [22] ). In turn, these relations f peak (R) offer the possibility to determine NS radii from a measurement of the dominant postmerger GW frequency [35] [36] [37] [38] [39] .
Moreover, during the inspiral phase of NS mergers finite-size effects are measurable and encoded in the tidal deformability Λ = [11, 13] . Considering the strong dependence of Λ on NS radii, it is clear that f peak also correlates with the tidal deformability of NSs (see Fig. 3 and [59, 60] for plots with the tidal coupling constant including different total binary masses). It is conceivable that Λ will be measured with significantly better precision in future observations compared to GW170817, which resulted in a measurement uncertainty on Λ of a 1.4 M NS of about 510 at the 90% level [6, 31, 32] similar to GW170817 would reduce this error by a factor of about 3 once the detectors reach their design sensitivity [12, [14] [15] [16] [17] [18] [19] [20] . Similarly, it is expected that the dominant postmerger frequency will be measured to within a few 10 Hz in future nearby events with the projected improvements for the current generation of detectors [35] [36] [37] [38] [39] [40] .
Observational signature of phase transitions: In Fig. 3 we show the dominant postmerger frequency f peak as function of the tidal deformability Λ 1.35 = Λ(1.35 M ) for the 1.35-1.35 M mergers for all EOSs of this study. As anticipated, f peak scales tightly with the tidal deformability for all EOS models (black symbols). There is only one exception: the DD2F-SF EOS leads to a significantly higher peak frequency of 3.539 kHz (green symbol). The purely hadronic counterpart of this EOS model without phase transition yields a peak frequency of only 3.098 kHz, while the tidal deformability parameters are identical for both EOSs.
Excluding DD2F-SF we obtain a least square fit
for all purely hadronic EOSs (solid curve in Fig. 3 ). The maximum deviation between data (black symbols) and the fit Eq. (1) is 113 Hz (grey band in Fig. 3) , with an average scatter of 44 Hz [81] . In comparison, for the DD2F-SF model the peak frequency is 448 Hz above the value which is expected from the f peak (Λ) fit for the given tidal deformability of this EOS.
A deviation of nearly 0.5 kHz is significant also if we assume a measurement accuracy of the tidal deformability of 100-200 and of several tens of Hz for the peak frequency. These error bars can be achieved within the next years for events with distances similar to that of GW170817 [12, 14-20, 31, 35-40, 61] . Note that actually the mass ratio q = M 1 /M 2 and the combined tidal deformabilityΛ are measured during the inspiral (for equal mass systemsΛ = Λ). We also remark that neitherΛ nor the postmerger frequencies are too strongly affected by small variations of q, which we confirm by additional simulations for q = 0.8. These simulations yield f peak = 3.79 kHz and f peak = 3.01 kHz for DD2F-SF and DD2F, respectively, and thus the deviations are even larger. The combined tidal deformability of an asymmetric merger with q = 0.8 is to within 5% identical to the one of the equal-mass binary of the same total mass. Hence, small uncertainties in the determination of the mass ratio do not affect our ability to discern models with and without high-density phase transitions. Three EOSs of our sample include a transition to hyperonic matter. For BHBLP [62] , SFHOY [63] and DD2Y [64] . These EOSs follow closely the f peak − Λ relation similarly to purely nucleonic EOSs because they do not feature a first-order phase transition (asterisks in Fig. 3 ). This is in line with the simulations for BHBLP in Ref. [29] showing no significant frequency shift compared to the nucleonic reference model. This indicates that only a sufficiently strong first-order phase transition (to deconfined quark matter) with a significant impact on the stellar structure (see Fig. 1 in the Supplemental Material) can alter the postmerger GW signal in such a way that a measurable deviation from the f peak − Λ relation occurs. In these cases the formation of a quark matter core in the early postmerger phase leads to a stronger compactification of the remnant and thus to higher oscillation frequencies.
A measured peak frequency being consistent with the f peak (Λ) fit, rules out a strong first-order phase transition as in DD2F-SF and points to either purely hadronic matter or a weak imprint of the phase transition in the probed density regime (cf. Fig. 1) . Clearly, an agreement with Eq. (1) cannot inform about phase transitions at higher densities and about phase transitions which are that strong that they rapidly induce the collapse of the merger remnant (see below).
To understand which density regimes are probed during the postmerger evolution, we extract the largest value ρ max max of the maximum rest-mass density ρ max (t) during the first few milliseconds after merging. In Fig. 1 ρ max max is reached at 8.8 ms for DD2F-SF and at 7.4 ms for DD2F. ρ max (t) can exceed ρ max max at later times, but here we are interested in the initial phase when the postmerger GW emission is strongest. and c = 4.66 × 10 14 (excluding the DD2F-SF model). This result shows that a measurement of f peak can serve as a proxy for the highest rest-mass density which is reached during the initial phase of the postmerger evolution.
If the dominant postmerger GW frequency is in agreement with the f peak (Λ) fit, Eq. (2) approximately determines up to which rest-mass density no strong first-order phase transition of similar type as the one in DD2F-SF occurred for M tot = 2.7 M (see also extended discussion in the Supplemental Material).
Relation to other works: It is instructive to compare our finding with the merger simulations of absolutely stable strange stars [65] [66] [67] [68] , which do not feature a phase transition at supernuclear densities but a large density jump at the surface. The calculation for the model EOS MIT40 in Ref. [21] yields f peak = 2.62 kHz, while the tidal deformability Λ(1.35 M ) = 1161.7 for this EOS. This model shows a somewhat weaker but similar trend as DD2F-SF in Fig. 3 . In principle, a deviation from the fit Eq. (1) may thus also be characteristic for absolutely stable strange quark matter [65, 66] . However, this particular model of absolutely stable strange quark matter is incompatible with existing constraints on Λ, and it is likely that the merger of absolutely stable strange stars [27, 69] would lead to an electromagnetic counterpart different from that of GW170817 [70] . We thus suspect that such a scenario would be distinguishable from the collision of two hybrid stars as described in this study.
Recently, Ref. [30] used the model EOS CMF of [71] for hadronic and quark matter in merger simulations. Compared to our DD2F-SF, the phase transition of CMF has a very different impact on the stellar structure and consequently on merger simulations (according to Fig. 5 in [71] this EOS does not yield gravitationally stable hybrid stars with extended quark matter cores). We find a massive gravitationally stable quark matter core with a strong imprint on the postmerger GW frequency for DD2F-SF. In comparison, the CMF EOS leads to a small quark matter fraction during most of the postmerger evolution. Only at late times the quark matter fraction increases and immediately induces the gravitational collapse of the remnant. Hence, the influence on the GW frequency is significantly weaker compared to our model. In comparison to its purely hadronic reference model, the CMF EOS results in an earlier collapse of the remnant and a dephasing of about 3 radian within 30 cycles. The postmerger frequency is thus shifted only slightly. Such signatures cannot be easily interpreted as being an unambiguous feature for the occurrence of quark matter. A similar phase and frequency shift and a shorter remnant life time can as well be expected from a purely hadronic EOS, being somewhat softer at higher densities compared to the CMF hadronic reference model.
In the Supplemental Material we discuss our findings in the context of empirical relations between f peak and radii of nonrotating NSs [21] [22] [23] .
Summary and conclusions: Within this work we describe a way to detect a strong first-order phase transition in NSs, complementary to efforts at the future experimental facilities FAIR at GSI and NICA in Dubna dedicated to the study of compressed matter in heavy-ion collisions [72, 73] . Our scenario involves quantities which have been shown to be measurable in future GW detections. We provide evidence that the described signature can only be related to a strong first-order phase transition by showing that a representative set of hadronic EOS models behaves differently. These results highlight the complementarity of the information which can be obtained from the inspiral and the postmerger phase of NS mergers. It stresses the importance of kHz GW astronomy both with current second-generation [74] [75] [76] [77] and proposed third-generation detectors like [78] [79] [80] . Future work should consider a larger class of EOS models with a hadron-quark phase transition to determine under which conditions a clearly distinguishable imprint on the GW signal can be identified. We will also investigate other observables like electromagnetic counterparts and secondary features of the GW spectrum. 
Supplemental Material

EQUATIONS OF STATE
We provide here information about the underlying model for the DD2F and the DD2F-SF equations of state (EOSs) as well as the set of candidate EOSs, which serve as a representative sample of purely hadronic EOSs.
The DD2F EOS is based on the relativistic mean-field approach with density dependent couplings [1] , which is consistent with the EOS constraint derived from an analysis of transverse and elliptic flow data of heavy-ion collision experiments [2, 3] . At low densities and temperatures, the presence of nuclear clusters is taken into account consistently within the modified nuclear statistical equilibrium model of Ref. [4, 5] . DD2F is consistent with all presently known constraints, e.g., neutron matter from chiral effective field theory [6] , the nuclear symmetry energy and its slope [7, 8] , the maximum mass of nonrotating neutron stars (NSs) [9, 10] , and stellar parameters in agreement with the analysis of GW170817 [11] [12] [13] [14] .
The quark-matter EOS in the high-density regime of DD2F-SF is based on the phenomenological twoflavor string-flip model (SF), derived within the densityfunctional formalism depending on scalar and vector quark densities (for details see Ref. [15] and references therein). Deconfinement is considered via an effective string potential, which distinguishes SF from common chiral quark-matter approaches, e.g., models of the Nambu-Jona-Lasinio type [16] [17] [18] [19] where (de)confinement is absent. A medium-dependent reduction of the string tension is modeled via a Gaussian functional [15] . Divergent quark masses suppress quark degrees of freedom at low densities. The SF model includes an additional dependence on the isovector-vector density, i.e. the equivalent to ρ-meson interactions in hadronic matter [20] .
The SF parameters employed in this work [20] correspond to onset and final densities of the first-order phase transition of ρ onset = 3.26 × ρ sat and ρ final = 3.94 × ρ sat at T = 0 with ρ sat = 2.7 × 10 14 g cm −3 being the nuclear saturation density. These phase boundaries of DD2F-SF have a mild temperature dependence for the relevant range, e.g., at T = 20 MeV we have ρ onset = 2.90 × ρ sat and ρ final = 3.81 × ρ sat . The first-order phase transition leads to significant softening of the EOS in the phase transition region, which represents a phase where hadrons and quarks coexist. Vector repulsion, including higher-order terms, in the pure quark matter phase is essential for stable stellar configurations [21, 22] . This yields a maximum mass for non-rotating stars of 2.15 M . The stellar properties of DD2F and DD2F-SF are displayed in Fig. 1 providing the mass-radius relations of nonrotating cold stars. The figure also shows curves of other EOS models (grey lines), which serve as represen- tative sample of hadronic EOSs in this study. This set includes APR [23] , BHBLP [24] , BSK20 [25] , BSK21 [25] , DD2 [4, 26] , eosUU [27] , GS2 [28] , LS220 [29] , LS375 [29] , NL3 [4, 30] , SFHO [31] , SFHX [31] , Sly4 [32] , TM1 [5, 33] and TMA [5, 34] (see [35] [36] [37] for the meaning of the acronyms and more details about the different EOSs; GS2, LS375, NL3, TM1 and TMA are incompatible with the 90% credible level of the tidal deformability constraint deduced from GW170817 [11, 13, 14] ). Additionally, we consider modified versions of SFHO and DD2 with a transition to hyperonic matter [38, 39] , which we refer to as SFHOY and DD2Y, respectively. Hyperonic interactions for these models have been chosen to be compatible with hypernuclear data and a cold NS maximum mass of 2 M , such that these EOS fulfill all presently available constraints.
POSTMERGER DENSITIES
In the main article we show that a measurement of the dominant postmerger gravitational-wave (GW) frequency can be used to estimate the highest rest-mass density ρ max max which occurs during the early postmerger evolution (see Fig. 4 in the main article). For softer EOSs higher densities are reached in the postmerger phase. This information can be mapped to nonrotating stellar configurations and roughly determines up to which NS mass the presence of a strong phase transition is probed by the postmerger GW emission of 1.35-1.35 M binaries as described in the main part.
To this end we identify the nonrotating stellar configuration with a gravitational mass M fid = M (ρ max max ) whose central rest-mass density equals ρ max max . Figure 2 shows M fid as function of f peak for all 1.35-1.35 M simulations. We also plot M fid as gray dots on the corresponding massradius relations of the different EOSs investigated in this study. The dots indicate M fid for 1.35-1.35 M mergers and illustrate which NS mass regime is probed by the postmerger remnant. Events with higher total binary masses M tot would lead to higher densities in the postmerger phase. Consequently, M fid increases with M tot .
NEUTRON STAR RADIUS MEASUREMENTS FROM f peak
We briefly comment on the empirically found relations between f peak and radii R of a nonrotating NS [35, 40, 41] , which can be employed for accurate and robust NS radius measurements under the assumption of purely hadronic EOSs [42] [43] [44] . Our results in the main article show that such relations do not generically hold for EOSs with a strong first-order phase transition to quark matter since such models give rise to generally higher frequencies relative to the f peak (R) relation formed by purely hadronic EOSs. This is visible in Fig. 3 for the relation between f peak and the radius of a nonrotating NS with 1.6 M . If there is evidence for the presence of a strong phase transition, a measurement of f peak thus only establishes an accurate lower bound on NS radii. The actual radius may then be up to about 1 km larger than the one inferred from f peak (R) relations of purely hadronic EOSs if the merger remnant contains a large quark matter core as for our 1.35-1.35 M merger with DD2F-SF.
(The deviation of the DD2F-SF model in f peak (R) relations is larger for R = R(1.35 M ) and gets smaller for R = R(1.8 M ) since the latter radius reflects the occurrence of quark matter.) It is likely that beside the signature uncovered in this work, additional information about the presence of a strong first-order phase transition will become available either by other astronomical measurements (e.g. neutrino signals and other observables of near-by corecollapse supernovae [20] ) or by the merger observation itself. For instance, we find that the slope, df peak dMtot , for mergers involving quark matter like the DD2F-SF is significantly steeper compared to the slope of purely hadronic models with comparable f peak (cf. Fig. 1 in Ref. [37] ). Here we compare DD2F-SF and the hadronic models APR [23] , eosUU [27] and SLy4 [32] , which lead to peak frequencies in the range between 3.54 and 3.43 kHz for M tot = 2.7 M . For DD2F-SF, the slope [45] equals 3.6 kHz/M compared to 0.55 kHz/M , 0.28 kHz/M and 1.56 kHz/M for APR, eosUU and SLy4. Observationally, the determination of df peak dMtot requires two measurements of f peak for different binary masses [37] .
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